The results of the assay for measuring anti-non-Gal antibodies (which affect pig xenograft survival) in recipients are important. Serum incubation time and concentration may be important factors in the extent of antibody binding to the graft. The aim of this in vitro study was to determine the optimal incubation time and serum concentration for measuring anti-non-Gal antibody binding to porcine aortic endothelial cells (pAECs). Pooled human, naive, and sensitized baboon sera were incubated with wildtype, α1,3-galactosyltransferase gene-knockout (GTKO), and GTKO/human CD55 pAECs. IgM/IgG binding to pAECs after varying serum incubation times (0.5, 1, 2, and 3 hour) and concentrations (5, 10, 20, and 40 μL) was determined by flow cytometry.
| INTRODUCTION
Xenotransplantation using genetically engineered pig organs is a possible solution to the organ shortage, but antibody-mediated rejection in pig-to-non-human primate models is one of the barriers which need to be overcome before clinical application 1, 2 . All humans have antibodies directed against galactose-α1,3-galactose (Gal) expressed on the pig vascular endothelium 3, 4 . These natural antibodies cause hyperacute rejection in wild-type (WT) pig-to-primate organ xenotransplantation, but this is rare after the transplantation of an organ from an α1,3-galactosyltransferase gene-knockout (GTKO) pig [5] [6] [7] .
Abbreviations: GTKO, α1,3-galactosyltransferase gene-knockout; GTKO/hCD55, α1,3-galactosyltransferase gene-knockout pigs transgenic for the human complement-regulatory protein, CD55; pAECs, porcine aortic endothelial cells; WT, wild-type.
If a graft recipient has high levels of preformed anti-non-Gal antibodies prior to transplantation, this will affect graft survival 8, 9 , and therefore, it could be important to select patients with low levels of antibodies 10 .
The accurate measurement of anti-non-Gal antibodies in recipi-
ents is therefore important, especially the extent of their binding to porcine aortic endothelial cells (pAECs) because pAECs are the main target cells following pig organ xenotransplantation 11 . The binding of anti-pig antibodies to GTKO pAECs is less than to WT pAECs 3, 4, 7 .
An assay that differentiates low from high binding is very likely to be important when clinical trials of xenotransplantation are initiated.
There have been several studies in which anti-non-Gal antibody levels were measured, but there was considerable variation in methodology (eg, different target cells, varying serum and cell concentrations, and different incubation times) ( Table 1) .
Serum concentration is one important factor in measuring antibody levels, especially for anti-non-Gal antibodies 11, 12 . However, there is no information on the relationship between serum incubation time and the binding of anti-non-Gal antibodies. An incubation time of 30 minutes has been used by many research groups, including our own ( Table 1 ). The aim of this study was to investigate whether incubation time and/or serum concentration plays an important role in increasing our ability to distinguish between low and high antibody binding to non-Gal antigens.
| MATERIALS AND METHODS

| Serum samples
All studies using human serum were approved by the Research Ethics
Committee of the University of Pittsburgh. Sera were collected from 10 healthy human volunteers of all ABO blood types who had no history suggesting previous exposure to pig antigens (except in the diet)
or to alloantigens (ie, no previous pregnancies, blood transfusions, or organ allotransplants). Serum from one sensitized baboon (B64-14)
was used as a positive control. This baboon had previously received an aortic patch transplant from a GTKO pig without immunosuppressive therapy, as previously described 13 . 
| Expression of Gal and hCD55 on pAECs and hAECs
Surface expression of Gal and hCD55 was determined by flow cytometry, as previously described 3 .
| Detection of serum IgM/IgG binding to pAECs and hAECs
IgM and IgG binding to WT, GTKO, and GTKO/hCD55 pAECs and hAECs was determined by flow cytometry, as previously described with some modification 
Negative controls were obtained by incubating the target cells with secondary anti-human antibodies only (with no plasma). Binding of
IgM and IgG was measured using the relative geometric mean, which was calculated by dividing the geometric mean value for each sample by the negative control, as previously described 15 .
| Statistical methods
Values are presented as mean±SEM. The statistical significance of differences was determined by Student's t-test or nonparametric tests, as appropriate. The statistical tests were carried out using GraphPad
Prism version 6 (GraphPad software, San Diego, CA). Differences were considered to be significant at P<.05.
| RESULTS
| Expression of Gal and hCD55 on WT, GTKO, GTKO/hCD55 pAECs and hAECs
WT pAECs expressed Gal, but GTKO and GTKO/hCD55 pAECs and hAECs were negative for Gal expression ( Figure 1 ). GTKO/hCD55 and hAECs were positive for hCD55 expression. All WT, GTKO, GTKO/ hCD55 pAECs, and hAECs were positive for CD31 (vascular endothelial cell) expression (>90%).
| Effect of serum incubation and concentration on IgM/IgG antibody binding to WT pAECs
Antibody binding to WT pAECs was measured using (i) pooled human 
| Comparison of serum IgM/IgG antibody binding to WT, GTKO, and GTKO/hCD55 pAECs
The difference between GTKO and GTKO/hCD55 pAECs is only the expression of human CD55. We measured pooled human and sen- These results indicated that increasing the duration of serum incubation, but not always of serum concentration, was associated with a significant increase in naïve baboon IgM and IgG binding to GTKO/ hCD55 pAECs.
| Effect of incubation time
| Cell viability/cell death in pAECs
To determine the effect of incubation time and serum concentration on cell viability, the number of dead pAECs was measured by propidium iodide staining (n=12). There was no significant difference in 
| DISCUSSION
Both preformed and elicited/induced antibodies which react to nonGal antigens on GTKO pAECs contribute to xenograft rejection 2, 7 . Therefore, it is important to investigate the presence of preformed natural antibodies against non-Gal pig antigens in recipients before transplantation, and monitor their de novo induction after xenotransplantation. The levels of anti-non-Gal antibodies, especially preformed natural antibodies, are significantly lower than those to WT pAECs, which express both Gal and non-Gal antigens 3, 14 . It might be difficult to detect de novo induced anti-non-Gal antibodies in recipients receiving immunosuppressive drug therapy 5, 9 . Therefore, it may be important to modify the assay to more optimally detect anti-nonGal antibodies in vitro.
There has been considerable variation in the in vitro assays aimed at measuring antibody binding to pig cells (Table 1) . Serum incubation for 30 minutes has been the most common time used 3, [10] [11] [12] . A uniform method to measure natural and induced antibody responses to non-Gal epitopes was recommended in 2014
11
. In this study, differences in serum concentration affected antibody binding to non-Gal antigens, which we have confirmed in our present study. However, the serum incubation time was not investigated as a variable. In our study, we found that serum incubation time also influenced antibody binding to non-Gal antigens.
The present study confirmed that antibody binding to GTKO and GTKO/hCD55 pAECs is significantly less than to WT pAECs, which supports our previous observations pAECs between serum concentrations of 5 μL and 20 μL, although there was higher IgG binding to GTKO pAECs when 20 μL sera were used.
These results suggest that the optimal concentration of serum samples for an antibody-binding assay might differ with different samples (eg, naïve vs highly sensitized). We cannot fully explain why an increase in incubation time led to an increase in anti-non-Gal antibody binding. It may just be associated with a longer period to allow antibody to bind, but it is possible that the affinity of antibody to non-Gal antigens is lower compared with that to Gal antigens, and therefore, it takes longer for binding to occur to non-Gal antigens.
It was important to exclude whether increased antibody binding was related to an increase in non-specific binding. There was no increase in non-specific antibody binding to human AECs, indicating that any increase in antibody binding to GTKO pAECs was specific to nonGal antigens on pAECs. Incubation time also proved to be a critical fac- The baboon used in the study was from the Oklahoma University Health Sciences Center, Division of Animal Resources, which is supported by NIH P40 sponsored grant RR012317-09.
